Insulin glargine is a slow acting analog of insulin used in diabetes therapy. It is produced by recombinant DNA technology in different hosts namely E. coli and Pichia pastoris. In our previous study, we have described the secretion of fully folded two-chain Insulin glargine into the medium by over-expression of Kex2 protease. The enhanced levels of the Kex2 protease was responsible for the processing of the glargine precursor with in the host. Apart from the two-chain glargine product we observed a small proportion of arginine clipped species. This might be due to the clipping of arginine present at the Cterminus of the B-chain as it is exposed upon Kex2 cleavage. The carboxypeptidase precursor Kex1 is known to be responsible for clipping of C-terminal lysine or arginine of the proteins or peptides. In order to address this issue we created a Kex1 knock out in the host using Cre/loxP mechanism of targeted gene deletion. When two-chain glargine was expressed in the Kex1 knock out host of P. pastoris GS115 the Cterminal clipped species reduced by~80%. This modification further improved the process by reducing the levels of product related impurities.
Introduction
The methylotrophic yeast Pichia pastoris has been used extensively and has developed into highly successful system for production of recombinant proteins [1] . It has several advantages over other eukaryotic and prokaryotic expression systems namely rapid growth rate coupled with ease of high cell density fermentation, high levels of productivity and strong promoters and vector systems available, elimination of endotoxin and bacteriophage contamination to name a few [2] . It has a GRAS (Generally Regarded As Safe) status [3] and recombinant protein Kalbitor ® (ecallantide) manufactured by Dyax corp. for human therapeutic use which is expressed in P. pastoris is approved by FDA. One of the disadvantages of the yeast expression system is that recombinant proteins are frequently degraded at the N-and the C-terminus. Proteolytic degradation has been a perpetual problem when yeasts have been employed to express recombinant proteins [4] . Saccharomyces cerevisiae is known to produce several proteases, some of which have been identified [4] . In comparison, proteases in P. pastoris are not well characterized, although there have been several reports of proteolytic degradation of recombinant proteins expressed in P. pastoris [5e7]. However, no in-depth analysis on the conditions that promote proteolysis or the nature of the proteases acting on the desired protein is exactly known. A few remedial measures like addition of protease inhibitors or use of protease-deficient strains have been suggested to circumvent the problem of proteolytic degradation [8, 9] . In our previous study we have described the expression of recombinant two-chain Insulin glargine in P. pastoris [10] . By over expression of the Kex2 protease we were able to secrete the fully folded two-chain glargine into the medium. During this study we observed an additional species also being secreted though in lesser quantities. This was analyzed and found to be R-clipped species. In the wild type host the levels of the R clipped species was found to be~25% of the two-chain glargine product. The probable reason being the C-terminal arginine in the B-chain being exposed is now prone to proteolytic degradation.
In S. cerevisiae the KEX1 gene has been characterized and the gene product Kex1p has a role in processing secreted proteins [11] . Kex1p was found to be membrane associated glycoprotein and has carboxypeptidase activity with specificity for basic amino acids at the C-terminus of proteins and peptides. In P. pastoris the carboxypeptidase Kex1 precursor gene has been identified and reported (GenBank accession no. AF095574). Aspergillus oryzae also has an ortholog of Kex1 termed KexA and displays a serine-type carboxypetidase activity and a broader substrate [12] . Amino acid comparison of P. pastoris and S. cerevisiae Kex1protein shows only 36% identity and 43.7% similarity [13] . Nevertheless, amino acid residues involved in the catalytic triad of S. cerevisiae (Ser198, Asp406 and His470) are conserved [14] . We hypothesized that Kex1 might be responsible for the clipping of the arginine at the C-terminus of the B-chain. So we decided to disrupt the Kex1 gene locus in the GS115 host.
Since only a very few antibiotic markers are available for genetic manipulations in P. pastoris we designed the strategy to use the Cre/ loxP mechanism for gene disruption and rescue of the marker. The mechanism relies on the role of Cre recombinase of the P1 bacteriophage which belongs to integrase family of site specific recombinases. It is a 38 kDa protein that catalyzes the recombination between two of its recognition sites called the loxP sites [15, 16] . One of the great advantages of Cre/loxP recombination is that there is no need for additional co factors or sequence elements for efficient recombination regardless of the cellular environment. This mechanism has been widely used for targeted genome engineering and it has been used successfully in Bacillus subtilis [17] , Hansenula polymorpha [18] and yeast [19] for targeted gene disruptions and marker rescue. In this study we have used the improved method demonstrated by Pan et al. by using the mutated loxP [20] for the disruption of the KEX1 gene. In this method, upon recombination of the lox71 and lox66 sites the lox72 site left in the chromosome displays strongly reduced affinity for Cre and hardly participates in subsequent recombination.
The aim of this study was to reduce the clipping of arginine from the B-chain by disruption of the KEX1 gene. Here we report the KEX1 gene knock out of the GS115 host and study the effect of this gene disruption in reducing the clipping of arginine from B-chain. PCR methods were used for the confirmation of the gene knock out in the host. Tricine-SDS-PAGE along with HPLC method was used to analyze the product in the supernatant and mass spectroscopy was used for the confirmation of the glargine species.
Materials and methods

Strains, plasmids and oligonucleotides
The P. pastoris strain GS115 (ATCC 20864) was used for the inactivation of the KEX1 gene. The Kex1D GS115 was used for the expression of glargine and the over expression of KEX2 gene. The expression vector pPIC9K (Invitrogen, CA, USA) that provides the AOX1 promoter and terminator sequences and the S. cerevisiae mata signal sequence for secretion was used for cloning the Insulin glargine coding sequence. The pPICZA vector (Invitrogen, CA, USA) was modified for the cloning of the Kex2p coding sequence in frame with FLD1 promoter. It was also used for cloning the Cre gene in frame with the AOX1 promoter and was used to generate the cassette for the gene disruption. The E. coli strain DH5a was used for routine cloning and propagation. Standard cloning procedures were carried out in E. coli DH5a as described by Sambrook & Russell [21] . The oligonucleotides used in this study were obtained from SigmaeAldrich, India are listed in Table 1 . Q5 High-Fidelity DNA polymerase (New England Biolabs Inc., USA) was used for all gene amplifications and assembling the cassette for disruption. All restriction enzymes were from New England Biolabs Inc., USA.
Media and growth conditions
E. coli strains were grown at 37 C in low salt Luria Bertani medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl). P. pastoris strains were grown at 30 C in YPD medium (1% yeast extract, 2% peptone, 2% dextrose). Antibiotics were supplemented where necessary in the following final concentrations: ampicillin 100 mg/ L, zeocin (Invitrogen) 25 mg/L (for E. coli) and 100 mg/L for P. pastoris. G418 (Calbiochem) was used for selection of the expression vector at a concentration of up to 1 g/liter. Media components used were either from Himedia (Mumbai, India) or Difco (Becton, Dickinson and Company, MD, USA).
Construction of the cassette for gene disruption
The Cre gene (Enterobacteria Phage P1) was codon optimized for expression in P. pastoris and was obtained from Geneart, Germany. The restriction sites BstBI and NotI were incorporated at the 5 0 and the 3 0 end for cloning of the gene in the same sites into the pPICZA vector in-frame with the strong AOX1 promoter. The plasmid Cre/ pPICZA was used as template for generating the CORE cassette which contains the lox sites along with the cre and the zeocin cassette. The lox sites (lox71 and lox66) were incorporated in the primers used for PCR. Using the P3FP and P4RP primers and Cre/ pPICZA as the template the CORE cassette was generated. The upstream and the downstream fragments of the KEX1 gene was amplified by PCR using the GS115 genomic DNA as the template. The upstream Kex1fragment (Kex1U) was amplified using primers KEX1FP and P6(kex1)RP. The downstream fragment of Kex1 (Kex1D) was amplified using P7(kex1)FP and KEX1RP. The 3 fragments namely Kex1U, Kex1D and the CORE were overlapped by PCR following the method of Shevchuk et al. [22] , using the primers KEX1FP and KEX1RP to generate the disruption cassette. The PCR product was gel purified and used for the transformation to the host.
Pichia pastoris competent cell preparation and transformation
The competent cells were prepared as follows. A fresh single colony of P. pastoris GS115 cultured on YPD agar plate was inoculated to 10 ml of YPD medium and allowed to grow overnight at 30 C and 220 rpm. The next day it was sub cultured to 100 ml YPD medium at an OD 600 of 0.3. It was allowed to grow to a cell density OD 600 of 1.0e1. 100 mg/ml concentration. The transformants which were resistant to 100 mg/ml of zeocin were streaked on YPD plates for screening.
Screening of the transformants and curing of the host
The zeocin resistant transformants were screened by PCR to confirm the disruption of the Kex1 locus. Using the primers designed Kex1P9FP and AOXIntRP, PCR was performed on the 5'region and using the CycIntFP and Kex1P10RP the PCR was performed at the 3 0 region to confirm the integration in the correct locus. The clones which gave the correct amplification size of 928 bp in the 5'and 758 bp in the 3 0 regions were grown for further generations. The PCR was again repeated on the clones to confirm the stability of the clones.
The shortlisted clones were taken forward for induction using methanol for marker rescue. Once the Cre recombinase is expressed it favors the recombination event thus making the host zeocin sensitive. The clones were plated on YPD plates with and without zeocin to confirm that the host is cured and becomes zeocin sensitive. PCR was performed using the Kex1P9FP and Kex1P10RP primers designed in the genomic locus for confirmation. One clone was selected for further expression studies. 
Cell growth analysis
A growth curve experiment was performed with the Kex1DGS115 in comparison with the GS115 host to find out if there are any differences in the doubling time by growing them in YPD media. A fresh overnight culture was inoculated to YPD media to an initial concentration of 0.3 at OD 600 . The cells were grown at 30 C and 220 rpm and OD 600 of both the cultures was checked at regular time intervals. A graph of the OD 600 versus time was plotted.
Construction and expression of glargine
The glargine and the Kex2 constructs were constructed as reported previously [10] . The expression construct, Glargine/pPIC9K was linearized with SacI restriction enzyme and transformed into Histidine auxotrophic Kex1DGS115. Transformation was carried out by electroporation as mentioned previously. The electroporated cells were allowed to recover for 1 h in 1 M Sorbitol at 30 C and then spread on minimal YNBD agar plates. The resulting transformants were screened on YPD plates containing progressively increasing concentrations of G418 (0.5e1.0 mg/ml) to identify multicopy clones.
Induction of glargine expression in P. pastoris
The selected transformants were grown in 10 ml YNBD medium (1.34% yeast nitrogen base w/o amino acids and 2% dextrose) overnight. It was next sub-cultured to 50 ml BGMY (1% yeast extract, 2% peptone, 1.34% YNB, 100 mM potassium phosphate at pH 6.0 and 1% glycerol) at a concentration of 0.5 OD 600 . This culture was incubated at 30 C for 48 h with shaking at 220 rpm. The cells were harvested by centrifugation at 5000 rpm for 5 min at room temperature and the cell pellet was resuspended in induction medium (1% yeast extract, 2% peptone, 1.34% YNB and 100 mM potassium phosphate at pH 6.0). Methanol (20% stock) was added to the culture medium for induction of protein expression at a final concentration of 1%. The induction was carried out for four days with methanol being added to the medium once every 24 h. The cell free supernatant samples were collected every day and analyzed by HPLC.
Overexpression of Kex2 protease
The construct FLD-Kex2/pPICZA was linearized with BspHI and was transformed to the Glargine producing P. pastoris host. The transformation was done by electroporation as described previously. Cells were then plated on YPD medium supplemented with 1 M sorbitol and 100 mg/ml zeocin. The transformants obtained were screened for higher zeocin resistance. The clones with higher resistance to zeocin was evaluated by induction with methanol using the protocol mentioned previously. The cell free supernatant was analyzed by HPLC.
Tricine-SDS-PAGE
Solutions for making the gels were prepared according to Shagger & von Jagow [23] . The separating gel was 16.5% T, 3% C, the spacer gel was 10% T, 3% C and the stacking gel was 4% T, 3% C. The gel was casted and run using Mini Protean cell (Bio-Rad Laboratories, UK). The gel mixtures were gently poured in between the plates assembled on the casting modules. After filling the separating gel (5-cm deep) it was over-laid with butanol to allow a truly flat surface and protect the top of the gel mixture from atmospheric oxygen. After polymerization the butanol was removed and replaced by spacer gel (1.2 cm deep). This procedure was repeated for the stacking gel. After polymerization of the stacking gel the wells were washed with water. The samples were boiled with the loading dye and the run was performed as described by Pardo and Natalucci [24] . Once the run was completed the gel was carefully removed, stained and destained [21] .
HPLC assay
HPLC assay for measuring the levels of Glargine precursor as well as the two-chain Glargine product were performed using C18 column (250 Â 4.6 mm; 5 mm from ACE) under a gradient run. The mobile phase consisted of A, 0.1% TFA (75%) and B, 25% Acetonitrile. The runtime was 18 min where the component B composition decreased from 75% to 60% in 15 min at a flow rate of 1.0 ml/min. A sample volume of 50 ml was injected into the column maintained at 40 C and the sample was monitored at 220 nm.
LC-ESI MS data acquisition and analysis
The LCeESI-MS data were acquired using the HCT-ultra PTM discovery system (Bruker Daltonics, Germany) equipped with an electron spray ionizer and in tandem with Agilent HPLC (1100 series). The acquisition was done in positive ionization mode with nebulizer gas pressure at 65 psi, dry gas flow of 11.0 L/min and drying temperature of 350 C. The mass scan range was 700e2200 m/z. Analysis of the mass data was done using the Data Analysis 4.0 software (Bruker Daltonik, GmbH).
Results
The gene disruption cassette and expression plasmids
The amino acid sequence of the two-chain glargine expressed in P. pastoris is shown in Fig. 1a . Also shown in the figure, using a downward arrow is the potential Kex1 protease cleavage site which leads to the formation of the clipped species. The strategy for the KEX1 gene disruption using the Cre/loxP mechanism used in the study is depicted pictorially in Fig. 1b . The disruption cassette was generated by PCR where the individual fragments were amplified and assembled. A careful primer design was done to ensure efficient overlap of the fragments. Once the disruption cassette is transformed to the P. pastoris host the cassette gets inserted into the genome at the Kex1 locus by double-crossover homologous recombination. As the Cre gene is in-frame with the AOX1 promoter, upon induction with methanol the recombination event followed by marker gene excision is explained in Fig. 1b .
The Kex1 gene upstream and downstream fragments were generated by PCR of sizes 715 bp and 640 bp respectively. The CORE cassette was also generated by PCR using P3FP and P4RP primers and Cre/pPICZA as the template. We obtained the amplified product of size 3643 bp. The three fragments were aligned by overlap PCR using KEX1FP and KEX1RP to get the gene disruption fragment of size 4931 bp (Fig. 2a) . The construction of the glargine and the Kex2 constructs are described in our previous study [10] . Briefly, the glargine coding sequence was cloned in pPIC9K vector in frame with AOX1 promoter and mat-a signal sequence to enable secretion of the protein. The Kex2 gene was fused with the FLD1 promoter by PCR and cloned to pPICZA vector. All constructs were sequence verified and was linearized prior to transformation.
Kex1 gene disruption in the P. pastoris host
The disruption of the Kex1 locus was confirmed by PCR using the primers designed in the genomic locus and an internal primer with in the cassette, namely Kex1P9FP and AOXIntRP at the 5 0 end which amplified an expected product size of 928 bp and CycIntFP and Kex1P10RP at the 3'end which amplified an expected product length of 758 bp. Three selected positive clones were passaged for 60 generations and confirmed the stability of integration once again by PCR. The gel picture showing the 5 0 and 3 0 amplified products of the expected size is shown in Fig. 2b .
The selected clones were induced using methanol. The zeocin cured host was confirmed by PCR as the recombination between the lox sites leads to a smaller size fragment compared to the native locus in the host. PCR was performed using the Kex1P9FP and Kex1P10RP on the Kex1D GS115 host and the parent GS115 host. The Kex1 KO host amplified the expected product size of 1451 bp and the GS115 parent amplified the expected size of 1928 bp (Fig. 2c) . This confirms the disruption of the KEX1 gene. The Kex1 knock out host was tested for zeocin sensitivity by plating the culture on YPD plate with and without zeocin. The zeocin containing plate showed no growth confirming the sensitivity. One clone namely clone #14 was selected and assigned the cell bank number BICC 9869 was used for further studies.
Growth analysis
The growth characteristics of BICC 9869 was determined in comparison with parent strain to confirm the effect of gene knock out on the growth properties. A growth curve was plotted and found that the knock out host had no altered effect on the growth as shown in Fig. 3. 
Expression of glargine in BICC 9869
The Glargine/pPIC9K was linearized with SacI and was transformed to BICC 9869 host by electroporation as described previously. The transformants were selected on minimal media and were subjected to G418 selection. Clones which were resistant to 0.5 mg/ ml were selected and were subjected to induction using methanol.
The productivity of glargine precursor was analyzed by HPLC method as described earlier. One clone #2G6 consistently gave higher productivity was chosen for over-expression of Kex2 protease. The productivity of glargine precursor was found to bẽ 75.0 mg/L. The FLD1-Kex2/pPICZA construct was linearized with BspH1 and transformed to clone #2G6 to overexpress the Kex2 protease which ensures the secretion of two chain glargine. The transformants were screened for resistance to zeocin and were subjected to induction trials. One clone (#5F2) which was resistant to 2 mg/ml zeocin and showed consistent two-chain glargine productivity was selected. The cell free supernatant was analyzed using Tricine-SDS-PAGE. The gel was cast and run as per the protocol mentioned. The gel picture is shown in Fig. 4 . On analysis of the cell free supernatant by HPLC we identified the two-chain glargine species corresponding to the peak at RT of 11.4e11.6 min. The precursor peak was identified at RT of 9.4e9.6 min. The Rclipped species eluted at an RT of 11.7e12.0 min. The profile obtained when GS115 was used as the host is shown in Fig. 5a . In the supernatant of clone #5F2 we observed an increase in area of the two-chain glargine peak and the peak corresponding to R-clipped species had reduced significantly (Fig. 5b) . For the purpose of comparison the two chromatograms are overlaid as shown in Fig. 5c . Further the identity of the peaks was confirmed by mass analysis where the two-chain glargine and the R-clipped species were found to have the expected mass of 6064.6 and 5908.3 Da respectively as shown in Fig. 6a .
Discussion
The P. pastoris is fast becoming the preferred expression host for expression of therapeutic recombinant proteins. There are still few bottlenecks in secretion mechanism, proteolytic degradation and specific clipping due to proteases. When the two-chain glargine molecule was expressed we observed the clipping of the arginine from the C-terminus of the B-chain. Kex1 protease has been known to cleave arginine and lysine residues from the C-terminus when exposed. There are reports in the literature where the KEX1 gene has been disrupted to express full length proteins in P. pastoris. When Hirudin was expressed in P. pastoris it was found that the molecule had degraded products where up to three amino acids were clipped from the C-terminus [25] . When human and murine endostatin were expressed in P. pastoris the C-terminal lysine was clipped [13] . In both the cases, inactivation of the KEX1 gene was helpful to express the full length proteins. We observed a similar proteolytic activity when we expressed two-chain glargine in GS115 host. Therefore it was hypothesized that the Kex1 protease may be cleaving the C-terminally exposed arginine. We disrupted the KEX1 gene using the cre-lox mechanism where the marker used for the gene disruption was rescued and reused for the over expression of Kex2 protease. The cre-lox mechanism where we used a mutated loxP as described by Pan et al. worked efficiently and we could get a number of zeocin sensitive clones. The selected clone BICC 9869 was sequence verified by PCR amplifying the region using P9FP and P10RP. Various reports in literature suggest that at times gene knock outs might lead to aberrant behavior like altered phenotypes and reduced growth characteristics [26] . In order to test the same we conducted growth analysis and the studies showed that the host did not have any altered growth characteristics in comparison with the parent as shown in Fig. 3 . When glargine was expressed in BICC 9869 the productivities were comparable with that obtained in the native host and the conversion of the precursor to the two chain glargine in both the hosts were almost similar showing~90% conversion efficiencies. Thus the Kex1 knock out did not affect the growth and the productivity of the host. This effect was also observed when the samples were analyzed on Tricine-SDS-PAGE. We could observe difference in the mobility of the samples when Kex2 was over expressed as kex2 protease was responsible for the conversion of the precursor to the two-chain glargine. But the knock out of the Kex1 protease did not have any impact on the yield of protein secreted as can be seen in Fig. 4 . The identity of the two-chain glargine and R-clipped species were confirmed by mass spectrometry analysis of the samples derived from the clone #5F2 and the GS115 host as shown in Fig. 6a . The yields of the various glargine species obtained in the native and the Kex1 knock out host (BICC 9869) is shown in Table 2 . The concentration of the two-chain glargine was 42.2 mg/L in the native host and upon inactivation of Kex1 gene the concentration increased to 56.3 mg/L whereas the R-clipped species reduced from 14.2 to 3.3 mg/L. This modification reduced R-clipped impurity bỹ 80% which can contribute to be a significant improvement in the downstream purification operations. The reduction in the R-clipped species is also proved by a reduction in the peak area in the extracted ion chromatograms shown for the samples derived from the clone #5F2 and the GS115 host as shown in Fig. 6b . We must mention here that the extracted ion chromatograms are generated by analyzing the mass data for the þ3 charged m/z corresponding to the clipped species. Glargine has 2 arginine's at the C-terminus of B-chain and ideally Kex1 protease can cleave both the arginine's in succession. In this case we could not detect -RR clipped species. In conclusion, the disruption of the Kex1 gene helped in improving the productivity and has a positive impact on the process efficiency thereby reducing the cost. 
